The development of the lamellar cells of mouse digital corpuscles (Meissner corpuscle) was studied by light and electron microscopic histochemistry for cholinesterase (ChE). The materials used were the hind limbs taken from fetuses at 14,17 and 20 days of gestation, and from young mice at 1, 5, 7,15 and 20 days after birth. Embryonal Schwann cells had non-specific ChE activity in the cisternae of the rough endoplasmic reticulum and the nuclear envelope, suggesting that they had the ability of synthesizing the enzyme. After birth, such ability gradually decreased and by five days of age non-specific ChE activity was no longer demonstrable in Schwann cells at the time when myelin sheath formation began.
Meissner corpuscles consist of axon terminals and lamellar cells (CAUNA and Ross, 1960 : SETO, 1963 MUNGER, 1971 MUNGER, ,1975 SUzuKI and KUROsUMI, 1972; ANDRES and VON DURING, 1973; HASHIMOTO, 1973; CASTANO, 1974; IDE,1976; CASTANO and VENTURA,1978, 1979) . Axon terminals are enlarged and contain numerous mitochondria and some vesicles. No neurotubules can be found in the terminals.
Axon terminals are surrounded in an onion skin fashion by several layers of cytoplasmic processes (lamellae) of the lamellar cells. By light microscopic histochemistry it has been established that Meissner corpuscles have a non-specific ChE activity (CAUNA, 1960; WINKELMANN, 1960 WINKELMANN, , 1962 . Electron microscopic histochemistry revealed that the ChE activity is located in the cisternae of the rER and the nuclear envelope of lamellar cells, and in the peri-axonal as well as interlamellar areas including the caveolae of the lamellae (IDE and SAITO, 1980) . No cells other than the lamellar cells of Meissner corpuscles exhibit any ChE activity in the mouse toe skin. The light and electron microscopic studies tracing the cytologic development of Meissner corpuscles have shown that the lamellar cells in newborn mice develop from Schwann cells which are associated with the axonal tips * This work was supported in part by a scientific research fund (No . 548079) from the Japan Ministry of Education. 83 penetrating into the epidermis (CAUNA, 1953; IDE, 1977) . The present study seeks to know whether the Schwann cells, which from the results of a previous study are regarded as developing lamellar cells, exhibit the ChE activity as is the case in mature lamellar cells. Another concern is whether the lamellar cell development can be traced to much earlier stages by applying the histochemistry of ChE to the embryonal tissues or cells which are engaged in Meissner corpuscle formation.
MATERIALS AND METHODS

Fixation
Albino mice (CF no. 1) were used for the experiments. For the embryonal development, the hind limbs were dissected from every three to four fetuses at 14,17 and 20 days of gestation, and fixed in the diluted KARNOv5KY's fixative (KARNOVSKY,1965) containing 2.5% glutaraldehyde and 2% paraformaldehyde in a 0.1 M cacodylate buffer (pH 7.4). Fixation time was 1-2 hrs at room temperature.
For examining the postnatal development, three to four mice from each litter at 1, 3, 5, 7,15 and 20 days after birth were fixed by perfusion through the heart with 3 to 5 ml of the same fixative as above. Toe pads were taken from second, third and fourth toes of the hind limbs and stored in the fixative for 2-5 hrs at room temperature.
Histochemistry for ChE
The fixed specimens were stored in a 0.1 M cacodylate buffer (pH 7.4) containing 6-8% sucrose and kept overnight in a refrigerator.
These specimens were frozen and sectioned to about 40 am thickness on a freezing microtome, and incubated in the medium of KARNOVSKY and RooTs (1964) for 30-40 min with intermittent agitation at an ice cold temperature.
The incubation medium contained 2 mM acetylthiocholine iodide as substrate, 5 mM sodium citrate, 0.5 mM potassium ferricianide and 15% sucrose in 0.065 M Fig. 1 . a-f. These color photographs show the developmental sequence of mouse Meissner corpuscles as observed by histochemical demonstration of ChE activity from 14 days of gestation to 20 days after birth. From the embryonal to the perinatal stages the ChE activity is present in the nerve bundles. Later such enzyme activity decreases and, instead, from the fourth to fifth day postnatal stage, the ChE activity appears with a gradually-increasing intensity on the developing Meissner corpuscles. The first sign of the Meissner corpuscle development is seen around 5 days after birth, as ChE-positive small areas appear beneath the epidermis, and the histochemical as well as ultrastructural maturation of corpuscle development is achieved by 20 days after birth. a. Fourteen days of gestation. This photograph depicts the axon bundles which appear brown by histochemistry (arrows) in the hindlimb of the fetus . No axon bundles are demonstrated in the developing toe regions, x 250. b. Twenty days of gestation.
This photograph shows a thick axon bundle (arrow) in the deep layer of the developing toe. This main axon bundle is distinctly stained, while a small bundle branching from it is faintly colored (arrowheads). x 250. C. One day after birth. Axon bundles (arrows) are seen between the developing sweat glands (s), forming nerve networks under the epidermis. These axon bundles exhibit ChE activity, though its intensity is much less than in the foregoing stage. x 250. d. Five days after birth. At this stage no ChE activity is demonstrable in the nerves in the dermal regions. On the other hand, some small brown areas are identified beneath the epidermis (arrows). These areas represent the beginning of the corpuscle formation in the primitive dermal papillae. x 250. e. Seven days after birth. The ChE-positive areas (arrows) as seen in the preceding stage are at this stage much enlarged and intensely stained, manifesting themselves as an obvious Meissner corpuscle formation. No ChE activity is found in any nerve bundles in the dermal regions. x 250. f. Twenty days after birth. By this stage Meissner corpuscles (arrows) located in the top of the dermal papillae appear almost mature in size and in the intensity of ChE activity, x 250 sodium hydrogen maleate buffer (pH 6.5). Some incubated sections were embedded in a glycerine-jelly for observation by light microscopy, and the others were post-fixed in 1% osmium tetroxide buffered at pH 7.4 by 0.1 M sodium cacodylate for 1 hr at an ice After osmication the specimens were washed in the buffer and dehydrated through a graded alcohol series and embedded in Epon 812. Ultrathin sections were made with a diamond knife on an LKB Ultrotome and observed in a Hitachi 12A electron microscope after staining with uranyl acetate alone or double-stained with uranyl acetate and lead citrate (VENABLE and COGGESHALL, 1965 ).
Control and inhibitor experiments
A substrate-free medium was employed as the control. Eserine 10-3-10-5 M was used to differentiate cholinesterase from aliesterase activity. Iso-OMPA (tetraisopropyl pyrophosphoramide)
at a concentration of 10-3-10-5 M was applied as a specific inhibitor of non-specific ChE. This electron microgaph shows cross-sectioned axons (A) and the associated embryonal Schwann cell (S). The reaction products of ChE activity are found in the cisternae of the nuclear envelope (long arrows) and the rER (short arrows) of the embryonal Schwann cell. Some reaction products are also scattered between the axons (arrowheads).
x 36,000 No reaction product of ChE activity is seen in the cytoplasm of the Schwann cells of single large axons, while a small amount of reaction product (short arrows) is deposited in the cisternae of the rER and the nuclear envelope of Schwann cells of the small axon bundles.
Moderately intense reaction products reside in the peri-axonal areas (long arrows) and in the mesaxon (arrowheads).
Small precipitates of reaction products are scattered on the basement membrane-like materials around Schwann cells. The overall decrease of the reaction product both within the cytoplasm of Schwann cells and in the peri-axonal areas as shown in this micrograph corresponds to the faintly browning of the nerve bundles as seen by light microscopy in Figure lc. x 15,000 Schwann cells (S) surround these axonal tips by thin cytoplasmic processes.
Reaction products are seen in the cisternae of the nuclear envelope of the Schwann cell as well as in the peri-axonal areas (arrows). Small precipitates of reaction products are scattered around the Schwann cell. No reaction product is found in any other tissue or cell.
x 18,000 
Light microscopy
At 14 days of gestation, thick nerve bundles appeared as light brown strands in the deep mesenchymal layers of the legs (Fig, la) . No nerve fibers were demonstrated within the primitive toes at this stage. Around 17 to 20 days of gestation, thick intensely brown nerve bundles were demonstrable in the developing toes (Fig. lb) . After birth, nerve networks could be distinctly demonstrated under the epidermis by histochemistry (Fig. lc) . However, the intensity of ChE activity gradually decreased from this stage along with the further development of nerve networks. By 5 days after birth, no nerve fibers were able to be demonstrated in the connective tissue compartment of the toes. However, some small areas adjacent to the basal layer of the epidermis still remained ChEpositive (Fig, id) . Such ChE-positive spots progressively enlarged and became distinct in the developing dermal papillae, and by 7 days it was evident that they were nothing but developing Meissner corpuscles formed in the top of the dermal papillae (Fig. le) . Around 20 days after birth, Meissner corpuscles appeared almost mature in their size and in the intensity of ChE activity (Fig. if) .
By the above observations, it was evident that the nerve bundles initially had ChE activity, the intensity of which progressively decreased with time, and that after the disappearence of ChE activity within the nerve bundles, cells seemingly engaged in the formation of Meissner corpsucles continued to have ChE activity.
Electron microscopy At 14 days of gestation, reaction products of ChE activity were found in the cisternae of the rough endoplasmic reticulum (rER) and the nuclear envelope of cells surrounding the axon bundles (Fig. 2) . These cells, being intimately associated with the axons, were considered to be embryonal Schwann cells, although the basement membrane was not obvious on their plasma membranes.
Some reaction products were also seen in the peri-axonal spaces.
Around 17 to 20 days of gestation, embryonal Schwann cells began to prolong their cytoplasmic processes into the axon bundles separating them into smaller groups. The enzyme activity increased at this stage (Fig. 3, 4) . Intense reaction products were found in the peri-axonal areas such as the axon-axon and the axon-Schwann cell contact areas (Fig. 3) . Intense reaction also occurred in the cisternae of well-developed Intense reaction products are deposited in the cisternae of the rER and nuclear envelope of this developing lamellar cell just as in the mature one. x 14,000 rER and the nuclear envelope of developing Schwann cells (Fig. 4) .
After birth, Schwann cells progressively separated the axon bundles into much smaller groups. Axons of large diameter thus came to be isolated into single fibers surrounded by their proper Schwann cells. These cells were more or less electron opaque, while the Schwann cells which surrounded the bundles of smaller axons were relatively electron lucent (Fig. 5) . At this stage the ChE activity of Schwann cells decreased greatly (Fig. 5) . Essentially no reaction product was found in the cytoplasm of Schwann cells associated with large axons. Schwann cells surrounding the bundles of small axons contained only a small amount of the reaction product in the cisternae of the rER and the nuclear envelope. Some reaction products were also seen between the axon and Schwann cell as well as in the mesaxons.
Within a few days, Schwann cells associated with large axons began to form a myelin sheath.
By 5 day postnatal stage, no Schwann cells, along with the myelin sheath formation, demonstrated any ChE activity in the cisternae of the rER or the nuclear envelope.
The most conspicuous finding at this stage was that the Schwann cells on the axonal tips extending into the basal layer of the epidermis showed an intense ChE activity (Fig. 6) . The reaction products of ChE activity were deposited in the cytoplasm of the Schwann cells and between the axon and Schwann cell. Small precipitates of the reaction products were also seen on the fibrous materials around the Schwann cells. Such ChE-positive Schwann cell-axonal tip complexes corresponded to the small ChE-positive areas observed by light microscopy adjacent to the basal layer of the epidermis (Fig. ld) . The axon profiles exhibited a feature characteristic of the growing axonal tips: they were enlarged and contained numerous vesicles and mitochondria. It should be noted that such axonal tips extended into the epidermis through the basement membrane, a feature regarded as the initial stage of Meissner corpuscle development in the previous study (IDE, 1977) .
Around 7 days after birth (Fig. 7, 8 ) obvious Meissner corpuscle formation could Fig. 9 . 1'he same stage as rigure < <.,-n uays pusLnaial). This micrograph depicts the Lransitional area from the Schwann o 'I (S) forming a myelin sheath to the developing lamellar cell (L). A heminode is formed on the axon on the side having the cytoplasmic processes of the developing lamellar cell. The reaction products (arrows) are deposited exclusively around the axon of the lamellar cell side. Small precipitates are seen around the lamellar cell.
x 20,000 be identified beneath the epidermis corresponding to the ChE-positive areas (Fig . l e) . The ChE-positive Schwann cells extended many cytoplasmic processes to the axon terminals ( Fig. 7.8 ). Such axon terminal-Schwann cell complexes were in close contact with the basal cells of the epidermis, the basement membrane of which was not obvious in these areas. These features were definitely characteristic of the intermediate stage of Meissner corpuscle formation (IDE, 1977) . Intense reaction products were deposited in the cisternae of the rER and the nuclear envelope of these Schwann cells (Fig. 8) . They were also found in the peri-axonal areas and between the Schwann cell processes, which were in close apposition to the epidermal basal cells (Fig. 7) . The transitional area from the Schwann cells which formed a myelin sheath to those developing into lamellar cells was a heminode, where the reaction products of ChE activity were seen exclusively around the axon on the side surrounded by the latter type of Schwann cell (Fig. 9) .
By 20 days after birth, the Meissner corpuscle formation was cytologically completed (Fig. 10) ; the Schwann cells engaged in the formation of Meissner corpuscle became lamellar cells which surrounded the axon terminals in an onion skin fashion. The reaction products of ChE activity were found in the cisternae of the rER and the nuclear envelope of these lamellar cells (Fig. 11 ). They were also deposited in the peri-axonal and inter-lamellar areas including the caveolae of the lamellae. These distribution patterns of the reaction products were the same as those in the mature Meissner corpuscles of aged mice.
Control and inhibitor experiments
No reaction product was seen in any tissue element when the control medium free of the substrate, acetylthiocholine iodide, was employed. Eserine 10-4 M completely eliminated the reaction product.
Iso-OMPA 10-4 totally inhibited the enzyme activity in the cytoplasm of embryonal and developing Schwann cells and lamellar cells as well as in the inter-lamellar areas. Small amounts of reaction products could not be eliminated by iso-OMPA 10-3 M from axon-axon contact areas, indicating that some specific ChE activity might have existed in such areas.
DISCUSSION
The control and inhibitor experiments show that the embryonal Schwann cells have non-specific ChE activity.
The fact that the reaction products are formed in the cisternae of rER and the nuclear envelope suggests that the embryonal Schwann cells will synthesize non-specific ChE as in the case of the lamellar cells of Meissner corpuscles (IDE and SAIT0,1980) . Morphological observation tracing the development of lamellar cells has indicated that Schwann cells became associated with the growing axonal tips beneath the epidermis a few days after birth and these Schwann cells have been thought to differentiate into lamellar cells of the Meissner corpuscle (IDE, 1977) .
By observing the development of Meissner corpuscles in the primate oral mucosa, MUNGER (1973, 1976) It should be noted that the embryonal Schwann cells have a non-specific ChE activity.
Such enzyme activity decreases and becomes histochemically undemonstrable when the developing Schwann cells begin forming a myelin sheath several days postnatally. It is reasonable to consider the Schwann cells, which are associated with the axonal tips as seen at 5 days postnatal beneath the epidermis , to be derived from these embryonal Schwann cells. Such embryonal Schwann cells, without forming a myelin sheath, are believed to be destined to differentiate into lamellar cells through the intermediate stages as seen at 7 days after birth (Fig. 7, 8) . Thus the lamellar cells can be said to be specialized Schwann cells which still in adulthood retain the embryonal characteristics of synthesizing ChE.
Not every Schwann cell residing on the growing axonal tips is destined to differentiate into a lamellar cell, but only those that are associated with the axonal tips which penetrate into the basal layer of the epidermis.
This fact indicates that the Meissner corpuscle is formed in combination with three different kinds of cellular elements: the axonal tip, the Schwann cell and the epidermal basal cell.
The question now arises as to what the significance of non-specific ChE activity is in the developing Schwann cells. It has been reported that specific or non-specific ChE activity is located in various cells of the chick embryo, such as the droplet cells of the primitive streak, endodermal cells, primordial germ cells, elongating lens fibers (DREws,1975) , and migrating neural crest cells (KussATHER et al., 1967) . The functional significance of non-specific ChE activity of these tissues is far from being understood . It seems that ChE activity is related at least to the phase of active movement of Schwann cells during development. DREWS (1975) has postulated that ChE activity during embryonal development might be involved in the regulation of the morphogenetic movement of cells, on the basis of the observations that ChE activity generally appears in the blastdermal cells as soon as one particular organ starts to differentiate . This speculation is compatible with the fact that no ChE activity is demonstrable in the Schwann cells which form a myelin sheath both during development and during regeneration (IDE,1981) .
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